Technology
DNA microarrays are used to estimate the levels of mRNA in the cell. The technique is based on the hybridization of the fluorescently labeled complementary DNA/cDNA probes made from total cellular messenger RNA (mRNA) to an array of DNA representing human genes (1, 2) . After the hybridization the slide is scanned by laser. Laser causes excitation of fluorescently labeled cDNAs probes. Only the spots representing mRNAs in the sample give emission signals. The emission is measured using a scanning confocal laser microscope and data are analyzed by appropriate software. The absence of the fluorescence of the specific spot means that complementary mRNA is not present in the sample. If the fluorescence is present, the intensity of the signal is a measure of the level of particular mRNA in the examined cell population. Usually an investigator wants to compare mRNA abundance in two different samples (or a sample and a control). In this case, cDNAs from the sample and a control are labeled with two different fluorescent dyes (e.g., red label for the cDNAs from the sample and a green label for the control). Next these two cDNA populations are allowed to hybridize to the same microarray slide. If particular mRNA from the sample is in abundance, the spot with a complementary probe will be red; if the concentration of the particular mRNA is higher in the control, the spot will be green. If both samples contain the same amount of a given mRNA, the spot will be yellow. Thus one can conclude about the relative expression levels of the genes for colors and fluorescent intensities of the microarray spots.
Expectation
The general expectation has been that microarray experiments will give us a holistic view of biology as opposed to the fragmented reductionist view provided by the currently dominated experimental approach. However, this expectation may be overly optimistic since genomic microarrays give us the view of inducible genes only. Many biological processes occur without the participation of newly induced genes. These processes simply engage the existing protein pool with or without their posttranslational modification and may actually precede the transcription of new genes. Examples include cell migration and secretion of preformed mediators. To gain a true holistic view of biological processes we must, therefore, combine the genomic microarray with the proteomic microarray. For now, genomic microarrays are used for the following purposes:
Determination of transcriptional programs of cells for a given cellular function (e.g., cell cycle, cell differentiation, etc.) or when they are exposed to certain conditions leading to activation, inhibition, or apoptosis . Most current investigations focus on this type of research. These experiments allow identification of novel proteins involved in particular cellular processes. Further, they enable scientists to create a database of a complete transcriptional program for a given cellular function. For example, a complete transcriptional program involved in the yeast cell cycle has been delineated (4) . In this issue, Temple and colleagues present data on the transcriptional program of eosinophils that are stimulated with interleukin (IL)-5 (5). The authors show that a number of genes are regulated by more than three-fold. One of the goals of this study was to identify genes involved in regulating eosinophil survival and apoptosis. Since IL-5 not only delays eosinophil apoptosis but also activates the cell for numerous functions, it is not clear whether the upregulated genes are directly involved in eosinophil survival. For this reason the authors expanded their study to include the TF-1 cell line, which depends on IL-5 as a growth and survival factor. They compared the upregulated genes from IL-5-stimulated eosinophils with the downregulated genes from TF-1 cells that were deprived of IL-5. Using this comparison the authors show that four genes are regulated by IL-5 in a coordinated manner in both cell types (i.e., eosinophils and TF-1 cells). These genes include Pim-1, SLP-76, CD24, and DSP-5. Although the authors do not present any data to support the role of these gene products in eosinophil survival, they provide a compelling argument to support their conclusion ( see discussion below).
Compare and contrast transcriptional programs to aid diagnosis and prognosis of diseases, and predict therapeutic response. This is truly an exciting field with an immediate impact on disease diagnosis and appropriate treatment. Classification of many diseases including cancer and rheumatoid diseases are frequently based upon ill-defined and overlapping criteria. Comparing and contrasting transcriptional programs may help develop better criteria for disease classification and predict therapeutic response. An example is the difficulty in the diagnosis of small round blue cell tumors (SRBCT) of childhood (6) . SRBCT include neuroblastoma, rhabdomyosarcoma, non-Hodgkin lymphoma, and the Ewing's family of tumors. These tumors are difficult to diagnose by routine histology and require several additional techniques including histochemistry, cytogenetics, and interphase fluorescence in situ hybridization. By examining the transcriptional program of these tumors and analyzing the data by artificial neural networks (computerbased algorithms modeled after the structure and behavior of neurons), a new classification of SRBCT has been developed, which promises to be most comprehensive and clinically useful. Another example is the surprising observation that diffuse B cell lymphoma is not a single disease (7) . Microarray analysis suggests that this clinical condition actually comprises two separate diseases with two distinct transcription profiles. Patients with this disease vary in their response to therapy and the transcription profilebased classification may explain this variable response to treatment. A similar approach could prove useful in diagnosing a variety of conditions including many overlapping rheumatologic conditions.
Identification of genome-wide binding sites for transcription factors. This is a novel application of the microarray technology. The transcription of genes is regulated by binding of transcription factors to the promoter region. Until now, transcription factor binding sites are identified on a single gene basis. This novel application of microarrays will allow identification of genome-wide binding sites. The basic principle is to crosslink genomic DNA to a given transcription factor in situ , isolate protein-bound DNA pieces by immunoprecipitation, amplify and label the DNA, and finally hybridize the probes to microarrays representing putative promoters-for example, all of the intergenic, noncoding sequences (8). The above method was successfully used to identify nearly 200 new binding sites for the yeast transcription factors SBF and MBF.
Prediction of gene function . In addition to the previously identified and characterized genes, microarray experiments frequently show transcription of novel genes, whose functions are unknown. One of the challenges of microarray experimentation is to predict the function of novel genes based upon theoretical modeling. One way to accomplish this goal is to cluster genes according to their expression profiles that are generated using a range of conditions. A cluster of genes will be assigned a given functional class based upon the function of the majority of the genes in the cluster. New genes falling in a functional cluster are predicted to have a similar function. This guiltby-association approach has been shown useful in predicting novel gene function in the yeast (9) .
Identification of new therapeutic targets. This objective is quite obvious given that the microarray technology allows identification of disease-associated genes (not necessarily disease-causing genes) in a comprehensive manner. Genomic microarray is being integrated into many steps of drug development including target identification, target validation, and drug toxicity (reviewed in ref. (3)).
Development of public databases. The development of public databases will help us understand the functioning of complex biological systems, which has been evading our quest until now. The combination of biology, computer science, and mathematics hopefully will result in the ability not only to analyze but also to build models. Ultimately it will help us develop "virtual cells" and "virtual organisms."
Challenges
Microarray experiments usually produce a huge amount of data. The biggest challenge at this time is data mining and interpretation. Stimulation of cells induces the transcription of molecules belonging to diverse families, which may include transcription factors, cytokines, receptors and ion channels, signaling molecules, cytoskeletal molecules, metabolic and trafficking molecules, and their regulators. The challenge is to understand the role of all inducible genes in defining the phenotype of a cell. Do all the induced genes contribute to the phenotype or are some genes unintentionally transcribed because they share common transcriptional factors (a by-stander effect)? This important question needs to be addressed before we fully understand the relationship between a transcriptional program and a specific cellular phenotype.
Surprises
Since microarray provides a complete transcriptional program for a given stimulus, expectation for surprises has been high. A few surprises are worth mentioning. In a study of Hodgkin lymphoma unexpectedly the production of IL-5 and IL-13 is found to be significantly elevated compared to large cell lymphoma and other non-Hodgkin lymphoma (10) . Anti-IL-13 antibody blocks proliferation of Hodgkin cells. This is quite exciting since this microarray study identifies an excellent therapeutic target. Humanized anti-IL-13 antibody or a receptor antagonist may become therapeutically useful in Hodgkin lymphoma. Another surprise comes from a microarray study of atherosclerotic lesions. This study demonstrates significant upregulation of eotaxin and the CC chemokine receptor-3 (CCR3) in atherosclerotic lesions (11) . Although the biological relevance of this finding is unclear, nonetheless, it provides a rationale to study the effect of CCR-3 antagonists on atherosclerosis development. Alternatively, CCR-3 knockout mice can be studied to explore this subject. Another microarray study shows an unexpected production of large quantities of plasminogen activator inhibitor-1 (PAI-1) by mast cells (12) . The plasminogen activator system plays a crucial role in controlling extracellular matrix proteolysis leading to tissue remodeling and fibrosis. PAI-1-deficient mice are resistant to pulmonary fibrosis. Thus, the production of PAI-1 points to a pathogenic role of mast cells in airway remodeling in addition to its known role in asthma.
The microarray experiment by Temple and coworkers reveals that IL-5 regulates an interesting group of genes (5) . The regulation of some of the genes such as CD69, CCR1, and IL-8, has previously been reported (reviewed in (13) ) and was, therefore, anticipated. The new finding includes the regulation of Pim-1, SLP-76, CD24, and DSP-5. CD24 is an adhesion molecule and its cross-linking induces B cell apoptosis (14) . Its upregulation by IL-5 in eosinophils is intriguing and will require further studies. The role of DSP-5, a phosphatase, in eosinophil survival is unclear. The most interesting findings relate to upregulation of Pim-1 and SLP-76. Pim-1 is a serine-threonine kinase, which has been shown to be important for hematopoietic growth factor-induced myeloid cell growth and survival (15, 16) . Pim-1 regulates gene transcription by phosphorylating heterochromatin protein-1 (HP-1) (17) . It also phosphorylates PTP-U2S, a tyrosine phosphatase (18) . It interacts with c-myc family of transcription factors (19) and upregulates Bcl-2 family members (20) . Strong induction of SLP-76 by IL-5 in eosinophils is another interesting finding. SLP-76 is an adapter protein, which upon phosphorylation by tyrosine kinases transduces downstream signaling via Grb2, PLC-␥ , Vav, and SLAP-130 (Fyb) (21) . It plays an important role in signaling through the T cell antigen receptor (22) and mast cell Fc ε RI (23) . The importance of SLP-76 for eosinophil growth and survival has not been previously investigated. If future studies confirm that Pim-1 and SLP-76 are critical for eosinophil survival and activation, the two molecules could become excellent targets for interference with IL-5 signaling.
Previous studies have shown that two receptor-associated tyrosine kinases-Jak2 and Lyn-play a crucial role in IL-5 prolongation of eosinophil survival (24, 25) . It is interesting to note that Lyn kinase is linked to SLP-76 (26), whereas multiple signaling pathways including the JakStat, phosphatidyl inositol-3 kinase, and the MAP kinase pathways regulate Pim-1 (27) . SLP-76 is likely to be important for transducing signals via Raf-1 and the MAP kinase pathway. Raf-1 has been identified as critical survival regulator for eosinophils (24) . PI-3 kinase also regulates myeloid cell survival through c-Akt (28) . Both c-Akt and Raf-1 interact with Bcl-2 family members, which are the direct regulators of apoptotic pathways (29, 30) . Since Pim-1 also upregulates Bcl-2 family members, the data suggest that many survival signals ultimately converge on the Bcl-2 family (Figure 1) . The important question is why these diverse signaling pathways, which engage many other signaling molecules, preferentially increase the transcription of Pim-1 and SLP-76. One possibility is that these two signaling molecules have a rate-limiting role for eosinophil survival and their synthesis is downregulated by proapoptotic factors. Clearly, we will need more studies in order to fully understand the findings of Temple and colleagues. Nonetheless, the study has already identified transcriptionally regulated key signaling molecules that determine the survival fate of eosinophils. This is just the beginning of excitement.
